Abstract: Electrical capacitance tomography (ECT) has been used for more than a decade for imaging dielectric processes. However, because of its ill-posedness and non-linearity, ECT image reconstruction has always been a challenge. A new genetic algorithm (GA) developed for ECT image reconstruction uses initial results from a linear back-projection, which is widely used for ECT image reconstruction to optimize the threshold and the maximum and minimum gray values for the image. The procedure avoids optimizing the gray values pixel by pixel and significantly reduces the search space dimension. Both simulations and static experimental results show that the method is efficient and capable of reconstructing high quality images.
Introduction
Two-phase flows are common in modern industries, but measurements of two-phase flows have always been a challenge because of their complexity [1, 2] . Industrial process tomography is a measurement technique for providing cross-sectional images of two-phase flows. Electrical capacitance tomography (ECT) is one of the most successful industrial process tomography techniques for imaging cross-sections of industrial processes containing different dielectric materials.
The development of ECT started from the late 1980s [3] with tremendous progress achieved in the past decade, including hardware systems [4] [5] [6] , algorithms [7] [8] [9] , and applications [10] [11] [12] . The basic principle of ECT is to reconstruct the permittivity distribution inside process pipes or vessels by measuring the capacitance between different electrode pairs. The relationship between the measured capacitances and the permittivity distribution is complicated and nonlinear. If the difference between the dielectric constants of the constituent materials being imaged is small, a simple linear approximation may be made. However, because of the limited number of capacitance measurements and the so-called 'soft-field' effect, image reconstruction with ECT is typically an under-determined problem and the reconstructed images are often distorted [9, 13] . Such problems are often ill-posed; therefore, the solution can be sensitive to measurement errors. Image reconstruction algorithms with ECT can be categorized as: non-iterative algorithms and iterative algorithms [9] . In general, the non-iterative algorithms, such as linear back-projection (LBP), are fast, but can only provide poor-quality images due to the "soft-field" effect and the non-linearity. Compared with the single-step algorithms, iterative algorithms provide improved image quality but demand intensive computations, so they are time-consuming. Other algorithms, such as neural networks, have also been proposed [14] [15] [16] . However, the significant computational load required to train the neural networks results in reduced image resolution [17] . Moreover, the selection of the training database is complicated and laborious.
Recently, the genetic algorithm (GA) and simulated annealing have been applied to ECT image reconstruction [18] . However, the forward problem usually requires several thousand iterations. This paper describes a new genetic algorithm for ECT image reconstruction. The GA-based method uses an initial result from the linear back-projection algorithm, so only a small number of iterations are needed as the result converges quickly to optimize the threshold and the maximum and minimum gray values of the image.
Image Reconstruction Using the Genetic Algorithm
The GA, which is based on genetic theory, is a popular technique for evolutionary computations. The GA selects a population from the solution space and encodes individuals in the population, with selection, crossover and mutation operators for evolution and selection of the best individuals as representative of the population. The GA is an efficient optimization method that has been successfully applied in many fields because of its simplicity, ease of operation, minimal requirements, and global perspective [19, 20] . ECT image reconstruction seeks to obtain the permittivity distributions represented by the gray value of each pixel in the imaging area. Because the number of pixels is large, e.g., 32×32, if the gray values of all pixels are searched directly using the GA, the search space dimension will be very large and the computations will be excessive. Thus, this GA-based method does not search the gray values of all pixels one by one. The algorithm is as follows:
1) Initial reconstruction is based on linear back projection. The GA is then used to search for a more accurate permittivity distribution. Three parameters, the threshold and the maximum and minimum gray values of the image, are optimized using the GA. Thus, each individual in the GA search space has three dimensions. The GA population is composed of 20 individuals.
2) The next generation individuals are decided according to a fitness function. The selection, crossover, and mutation operations are 8%, 60%, and 5%, respectively. Because the selection of the fitness function directly affects the reconstruction results and because of the ill-posedness of ECT image reconstruction, the fitness function was chosen to be 
Because the reconstruction quality strongly depends on the regularization parameter for the Tikhonov method, the selection of the regularization parameter is crucial. Numerical simulations using this GA-based image reconstruction algorithm show that µ does not affect the algorithm reconstruction as much as the regularization parameter for Tikhonov regularization.
The simulations also show that µ should be between 0.01 and 0.06.
3) The reconstructed image is obtained from the LBP result using the current values of the three optimized parameters. If the gray values of some pixels are greater than the threshold, they are set to the average value of the maximum and minimum gray values. If the gray values are smaller than the threshold, they are set to zero. Then, the reconstruction result is used to evaluate the individual using Eq. (1).
The procedure is repeated until a stop condition is satisfied. The GA-based method searches the results in three-dimensional parameter space without optimizing the gray value for each pixel one by one, which significantly reduces the dimension of the search space. Thus, the algorithm is very efficient with better reconstruction results obtained with less computational time and less iterations. where g is the true permittivity distribution of the test object, ĝ is the reconstructed permittivity distribution, and g and ĝ are the mean values of g and ĝ .
Numerical and Experimental Results
The GA-based image reconstruction algorithm was implemented using Matlab TM on a PC with a Pentium TM III 550 MHz CPU and 128 MBytes memory. Four typical permittivity distributions were chosen to numerically evaluate the algorithm. The capacitance data relevant to the test phantom was based on a 12-electrode square ECT sensor analyzed using a finite element method. The low and high permittivity materials were air with a relative permittivity of 1.0, and Perspex with a relative permittivity of 2.6. The population was 20. The iterations were stopped after 10 iterations. Figure 1 shows that the reconstructions based on the GA method are much better than those based on linear back projection. The image errors and correlation coefficients listed in Tables 1 and 2 show that the results based on the GA method have much smaller image errors and higher correlation coefficients than the linear back projection results for all four permittivity distributions. The two criteria used for the evaluations were the relative image error and the correlation coefficient between the phantom and the reconstruction [21] . The GA convergence processes are shown in Fig. 2 
Fig. 2 Convergence of the fitness function
for the fitness function and Fig. 3 for the image errors.
Fig. 3 Convergence of the image error
The image errors decreased rapidly during the iterations, which shows the good global search capability of GA and the high efficiency and good convergence of the algorithm.
The algorithm was also evaluated with static test experiments. The ECT system was an eight-electrode square sensor with dimensions of 68 cm×68 cm. Three test distributions were created using Perspex rods and Perspex beads: 1) a Perspex rod 25 cm in diameter, positioned at the center of the sensor, 2) a half-pipe of Perspex beads, and 3) two Perspex rods 25 cm and 15 cm in diameter positioned near the sensor wall. Figure 4 shows the images reconstructed from the experimental data, again indicating that the GA-based method gives better reconstruction results than the linear back projection method. 
